Abstract-The highly reflective nature of high particulate inorganic carbon (PIC) from calcifying plankton, such as surface blooms of Emiliana huxleyi in the latter stages of their life cycle, can cause the saturation of the Moderate Resolution Imaging Spectrometer (MODIS) visible spectrum ocean color bands. This saturation results in errors in the standard MODIS oceanic PIC product, resulting in the highest PIC levels being represented as cloud-like gaps (missing data) in daily level 2 data, and as either gaps or erroneously low PIC values in temporally averaged data (e.g., 8-day level 3 data). A method is described to correct this error and to reconstruct the missing data in the ocean color band data by regressing the 1-km spatial resolution ocean color bands against MODIS higher resolution (500 m spatial resolution) bands with lower sensitivities. The method is applied to all North Atlantic MODIS data from 2002 to 2014. This shows the effect on mean PIC concentration over the whole North Atlantic to be less than 1% annually and 2% monthly, but with more significant regional effects, exceeding 10% in peak months in some coastal shelf regions. Effects are highly localized and tend to annually reoccur in similar geographical locations. Ignoring these missing data within intense blooms is likely to result in an underestimation of the influence that coccolithophores, and their changing distributions, are having on the North Atlantic carbon cycle. We see no evidence in this 12-year time series of a temporal poleward movement of these intense bloom events.
I. INTRODUCTION

C
OCCOLITHOPHORES are the largest source of calcium carbonate in the oceans and are considered to play an important role in oceanic carbon cycles [1] , [2] . The previous work has highlighted that blooms of coccolithophores can reduce the North Atlantic annual net sink of atmospheric CO 2 by between 3% and 28% (dependent upon the year), as their growth increases the in-water partial pressure of CO 2 (pCO 2 ), [3] . The North Atlantic is an important and highly variable natural sink of atmospheric CO 2 accounting for ∼30% of the global oceanic uptake [4] , [5] ; thus, understanding and quantifying its variability is important for understanding the existing climate and any predictions of the future. When coccolithophores bloom (i.e., form in concentrations much higher than the background levels) and subsequently die they shed their platelets, or coccoliths, which are highly reflective and give the water a milky appearance making them visible from space (see [6] , [7] ). The spatially large areas in which these blooms form make satellite observations a key approach for studying their spatial and temporal distributions. Consequently, the detection and quantification of coccolithophore blooms using satellite ocean color sensors such as NASA's Sea-viewing Wide Field-of-view Sensor (SeaWiFS) and Moderate Resolution Imaging Spectrometer (MODIS) are an active and climatically important field of research [1] , [3] , [6] , [8] , [9] .
During a particularly intense coccolithophore bloom in the Celtic Sea off the coast of France on June 15, 2004 at 13:35 GMT [shown in Fig. 1(c) ], it was noted that a region of missing data appeared in the center of the bloom in a MODIS-Aqua Level 2 (L2) remote sensing reflectance (R RS ) scene [ Fig. 2(c) ], but this did not appear in the corresponding SeaWiFS L2 R RS measured within a few minutes of the MODIS scene (see Table I revealed that one or more of the MODIS visible bands was saturating in this region [ Fig. 1(c) ]. The MODIS ocean color processing uses a set of flags that are raised when certain conditions are met in a given pixel, for example, the presence of land, and this saturation results in the raising of the high light (HILT) flag, which by default causes the pixel to be masked at L2. This means that the particulate inorganic carbon (PIC or calcite) products, which principally measure the intensity of coccolithophore blooms, are also masked and set to zero in the most intense blooms. At Level 3 (L3) this situation is exacerbated, since pixels in close proximity to the pixels with the HILT flag raised have the stray light (STLIGHT) flag raised, and by default are masked at L3, leaving an even larger "hole" in the PIC products, exactly where PIC levels are largest. This effect may not be apparent in temporally averaged L3 composites, since a masked region in one L2 scene of a L3 composite may be covered by other scenes (with lower PIC or different viewing and illumination geometry) in which saturation does not occur. Any remaining masked areas may appear very similar to gaps due to cloud. Hence, there may be no apparent anomaly in the L3 composite, but the PIC value will be erroneously low. Saturation is less likely to occur at polar latitudes, where strong coccolithophore blooms occur but background light levels are lower, so blooms are less likely to cause saturation of the MODIS ocean color bands (see Section III). February 9, 2016) . In all three cases, MODIS saturates in three 1-km resolution ocean color bands such as 488, 531, and 547 nm. Figs. 1(a) -(c) and 2(a)-(c) show L1B and L2 false color composites of the three cases using 547, 531, and 488 nm as red, green, and blue, respectively. Pink in Fig. 1(a) -(c) indicates saturation at 547 nm, while white indicates saturation in all three bands. As noted above, saturation in any band causes the raising of the HILT flag and consequent masking of the affected pixel at L2 and surrounding pixels at L3.
In this paper, we demonstrate that it is possible to use MODIS 500-m resolution bands to replace the missing data in the 1-km resolution ocean color bands. The 500-m bands are designed to measure land, clouds, and ice, and so have a much larger radiometric range than the ocean color bands, which are designed to more precisely measure the generally optically dark sea. Two of the 500-m bands (469 and 555 nm) have similar wavelengths to the saturating lower spatial resolution bands, albeit spectrally broader (see Fig. S1 , as shown in the Supplementary Material). MODIS 1-km L1B files contain these bands aggregated to 1-km resolution, such that each aggregated pixel corresponds to a pixel in the 1-km ocean color bands [10] . If a relationship between the 500-m bands and the ocean color bands can be established using unsaturated data, the relationship can be extrapolated to reconstruct the saturated ocean color data at 1-km resolution from the corresponding 500-m data. This method builds on the theory and approach of [11] .
II. METHOD
Level 1A granules of the three scenes were downloaded from www.oceancolor.gsfc.nasa.gov (2013.1 reprocessing) on November 11, 2014 and processed to Levels 1B and 2 using version 7.2 of NASA's SeaDAS processing package using default SeaDAS settings. For each scene, we plotted the valid ocean color L1B L t against L t in the spectrally nearest 500-m band. We only plotted pixels for which the L2 R RS was nonzero, to eliminate cloud pixels and saturated ocean color pixels [ Fig. 3 (a)-(c)]. This showed the bands to be well correlated, but with some scatter, the main cause of which was identified as pixels at the edges of noncoccolithophore bright objects such as clouds and some land, identifiable by high radiances in the near-infrared at 869 nm [L t (869), Fig. 3 
We therefore used the STLIGHT flag to remove these pixels. This flags all pixels within a 7 × 5 box (across track × along track) of pixels with the HILT or cloud/ice (CLDICE) flag set. Unfortunately, simple application of the STLIGHT flag also eliminates pixels close to the bloom pixels masked by the HILT flag, which are likely to be the most useful pixels for extrapolation. To prevent this, the STLIGHT flag was recalculated using only pixels with the CLDICE flag set and any land pixels for which the HILT flag was set. Hence, pixels close to cloud or bright land will be masked, but not those close to bright ocean pixels or dark land pixels. This resulted in a high degree of correlation between the 500-m bands and the corresponding ocean color bands. However, when one was simply regressed against the other, a slight deviation from the fit curve could be seen at the largest radiance levels, just where the best fit is needed. This occurred for both linear and quadratic fits (not shown).
Therefore, to enhance the fit at high PIC, an attempt was made to regress the 1-km bands against the 500-m bands, weighted by PIC. However, this revealed the problem that the PIC algorithm actually consists of two distinct algorithms, resulting in two distinct PIC groupings in the regressions. By default, MODIS uses a two-band algorithm (calcite_2b) [1] , estimating backscatter due to PIC from normalized water leaving radiance (nLw) at 443 and 547 nm. If these bands saturate or have negative nLw, it switches to a three-band algorithm (calcite_3b) [6] , which estimates backscatter due to PIC from L t in the red and near-infrared and uses its own atmospheric correction, independent of the corrected bands. To avoid regression artifacts due to this switching, we weighted the regressions using only calcite_3b, which is equal to the PIC product at high PIC and does not saturate. Results of this linear regression are shown in Fig. 3(a) -(c) as a dotted line. The linear regression can be seen to slightly miss the data trend at the highest radiances, most noticeably at 488 nm, so a quadratic fit was used, shown in Fig. 3(a) -(c) as a solid line. However, henceforth when we refer to PIC this means the combined 2 and 3 band product.
We then corrected all ocean pixels for which any ocean color band was saturated and neither the modified STLIGHT nor CLDICE flags were set, by applying the quadratic regression to the corresponding aggregated 500-m data. Results are shown in Fig. 2(d) -(f) for comparison with Fig. 2(a)-(c) . Finally, we used the corrected L1B file to generate a new L2 file using SeaDAS 7.2, with default SeaDAS settings except that HILT masking was switched off. The original R RS RGB composites are shown in Fig. 1(a)-(c) , and the corrected R RS RGB composites are shown in Fig. 1(d)-(f) . The original PIC product with L2 flags masked is shown in Fig. 4(a) -(c), calcite_3b with L2 flags masked in Fig. 4(d) -(f) and with L3 flags masked in Fig. 4(g) -(i) (this is the product that is used to form L3 composites), and calcite_3b after L1B The threshold of R RS or PIC at which saturation occurs is dependent on the scene geometry and conditions (the conversion from L t to R RS and geophysical products is the purpose of atmospheric correction), but our sample data can give us an estimate. In the three cases above, the maximum R RS and calcite_3b in the uncorrected data had ranges 
III. ANALYSIS OF REGIONAL IMPACT
Simple estimation of the regional impact of this correction is difficult, since the effect is large but rare and localized. At the very least, it requires systematic correction of all scenes covering the region of interest over one coccolithophore bloom season, preferably several, since the occurrence of intense coccolithophore blooms is highly variable from year to year. The effect on any time series will depend on how the data are constructed, e.g., a method using only L2 masking is likely to be less affected than one using L3 masking, in which more peak bloom data are usually lost, and a shorter time step, such as 8-day composites, will result in larger peak effects than a longer averaging period such as monthly composites.
We applied the correction to the entire MODIS archive over the North Atlantic using SeaDAS 7.1 (note this is an earlier version of SeaDAS than used in the three examples abovethis was a major computing task and was undertaken before SeaDAS 7.2 was available). We estimated the impact of the identified error by using the three example scenes to find the largest unsaturated radiance observed in the scene, which we used as an estimate of the radiance threshold at which each of the ocean color bands saturates, provided some saturated pixels are present. This threshold should be scene independent, but can drift as the instrument ages. Thresholds for the three scenes and three wavelengths are shown in Table S1 (as shown in the Supplementary Material). Also shown is the mean threshold over the three years at each wavelength, which was used to estimate the impact on all years. Results were mapped to a geographic projection with a spatial resolution of 9 km at the equator, or about 5 arc minutes. Two regions were defined, one from 0°N to 90°N, 105°W to 0°W (the central North Atlantic) and the other from 48°N to 90°N, 0°E to 105°E (northern European seas). All passes that intersected either region were corrected, and both uncorrected and corrected data with L2 and L3 masking were map projected and binned into monthly and annual composites of the mean of all passes in each pixel and time period. The difference between uncorrected and corrected binned data shows the effect of the correction on the composites. A map of the mean L3 PIC over the whole time series is shown in Fig. S2(a) (as shown in the Supplementary Material), and the effect of the correction on mean L3 PIC is shown in Fig. S2(b) (as shown in the Supplementary Material), showing a correction effect that is highly localized. Surprisingly, the effect occurred strongly in the Barents Sea, north of Norway, up to about 73°N, where strong blooms are observed but the low sun elevation reduces direct solar illumination to about 30% of its value at the equator, so blooms need to be correspondingly more reflective to cause saturation.
Many of the strongest effects are seen close to the coast, e.g., the northern coast of South America and the west African coast, or in shallow offshore waters such as the shelves of the Gulf of Mexico, or the west of Bermuda and around the Turks and Caicos Islands, both of which have large expanses of shallow, clear water with coral reefs, and bright sand. In these areas, high radiance could be caused by bottom reflectance or suspended sediment, causing both an overestimate of PIC and an increased likelihood of saturation. To eliminate these effects, a bathymetry map of the North Atlantic in the above projection was produced from the higher resolution GEBCO_08 one-minute grid (www. gebco.net/data_and_products/gridded_bathymetry_data/gebco _one_minute_grid/, downloaded on December 14, 2009).
The minimum depth of all GEBCO_08 grid cells in a given map cell was used in order to eliminate residual effects in map cells containing both shallow and deep water, and all map cells with minimum depth less than 50 m were masked. This depth limit represents a balance between excluding suspended sediment, especially resuspended coccoliths or diatom frustules [12] , and including as many genuine coccolithophore blooms as possible. Coccolithophore blooms undoubtedly occur in waters shallower than 50 m, and suspended sediment effects may be seen in deeper waters (see [12] ), especially where advected from shallow waters by river plumes. Results are shown in Fig. S2 To assess the impact on regional scales, Table S2 (as shown in the Supplementary Material) summarizes the effect on the mean PIC in the Longhurst provinces [13] covered by the mapped region over the whole time series and at annual and monthly intervals. The Atlantic provinces intersecting the mapped region are shown in Fig. 5(a) . The relative effect on the whole mapped region was small, less than 1% annually and 2% in any month. The mean L3 PIC over the whole region and time series was 350 µmol/m 3 . Larger effects were seen on the province scale, with a maximum monthly effect of 156 µmol/m 3 (7% of the corrected mean PIC in that province and month) in the Northeast Atlantic Continental Shelf province in June 2003, and monthly effects greater than 48 µmol/m 3 were observed in the NWCS (10%), CNRY (12%), SARC (5%), and GUIA (10%) provinces [see Fig. 5(a) and Table S2 , as shown in the Supplementary Material]. All other provinces had maximum effects less than 16 µmol/m 3 . The provinces and their maximum effect at L3 in any month are shown in Fig. 5(b) .
To assess whether the local effects were caused by one-off events or recurred in other years, at each pixel the annual saturation effects in all years were summed and divided by the maximum annual effect. This gives a measure of the number of years in which the effect occurred with a similar magnitude. For instance, one very large annual effect with much smaller effects in other years will have a value close to 1. This number is shown in Fig. S3 (as shown in the Supplementary Material), which shows that the saturation effect recurs in certain locations in multiple years with similar magnitude.
It has been suggested that coccolithophore blooms have moved northward over the last 10-15 years [14] , so it would be interesting to see if there is any evidence of such a shift in the strongest blooms selected by this effect. Fig. 6 shows a Hovmöller plot of the mean change in L3 PIC due to saturation in a given year and one-degree latitude band as function of year and latitude. The plot shows the expected strong spatial and temporal variability, but no evidence of a northward trend in these extreme blooms.
IV. DISCUSSION AND CONCLUSION
The method seems to work well for the three test scenes, with very plausible-looking variations in L t , R RS , and PIC in the reconstructed data. Direct validation of this method would require sea truth measurements of R RS and/or PIC at the peak of the strongest coccolithophore blooms at the time of a MODIS overpass. Given that such data are scarce in any coccolithophore blooms, this seems unlikely. In the three example scenes, affected pixels constitute 1%, 2%, and 0.3% of the total ocean pixels in the MODIS granule with valid L2 data, so even if a ship were within the scene taking the right measurements, it would be unlikely to be in the affected area by chance. Strong blooms can persist for weeks [15] , so perhaps the best chance would be for a rapid response vessel to be on standby in a region where saturating coccolithophore blooms occur in multiple years, ready to be directed to the peak of the bloom using satellite data. This would require significant resources, and would still be difficult. For instance, a dedicated coccolithophore cruise was in the area of the 2004 Celtic Sea bloom at the time, and was guided by satellite imagery to the location of the bloom peak [16] . However, they measured the area of saturation 12 days before saturation, on June 3, 2004 , and were elsewhere in the bloom when saturation occurred. This approach will be even more challenging if coccolithophore blooms are changing location [14] , though we could find no evidence of this in blooms strong enough to cause saturation.
The regional analysis reveals that blooms strong enough to cause saturation are rare and confined to a few well-defined areas of the North Atlantic, and there are a small number of highly localized areas where strong blooms recur in multiple years in the same geographical location, suggesting that local forcing is driving their formation, e.g., at the shelf edge. The effect of saturation on annual mean PIC is small on a basin scale, but can be regionally significant, especially at monthly time scales. Generally, the more intense the bloom is, the higher the increase in the in-water pCO 2 , suggesting that studies which focus on these regions should at least be aware of the missing data when estimating the uncertainties within these PIC data and when interpreting the condition of the complete marine carbon system. Equally, any analyses using these PIC data to estimate the influence that coccolithophores have on the marine carbonate system in the North Atlantic, and other oceanic regions where coccolithophores are prevalent, is likely to result in an underestimation. For example, Fig. 6 shows the intense blooms that generally occur at higher latitudes, which are typically characterized by colder waters. These colder waters have the ability to absorb more CO 2 (a process predominantly driven by solubility). Thus these intense blooms are likely to reduce the potential for these regions to take up CO 2 , and this influence has yet to be highlighted or characterized. Indeed, the strongest of these events are currently missing from the MODIS archive due to the saturation issue addressed here.
It is worth considering the extent to which atmospheric path radiance contributes to the correlations found, as this usually dominates L t over the oceans. However, this paper concerns special cases where L t far exceeds values expected from a clear maritime atmosphere, and the regressions used are weighted toward the brightest pixels. Pixels that are potentially affected more strongly by atmospheric effects are masked due to their brightness in the near infrared response (or proximity to such pixels), so we have no reason to expect a large atmospheric contribution. Also, coccolithophore blooms tend to be visible from space during periods of atmospheric stability, decreasing the likelihood of significant atmospheric variability. There remains the possibility that the coccolithophore bloom creates an associated region of high aerosol concentration, but we consider this unlikely to be significant on the timescale of a typical coccolithophore bloom. The finescale structures seen in Fig. 1 are typical of in-water, rather than aerosol, effects.
The PIC values estimated using this correction contain larger uncertainties than those generated directly from the 1-km measurements, and hence, should be used with care. However, the uncertainties are difficult to quantify. As the 1-km bands approach saturation, the linearity between level 1A digital counts and L1B radiances starts to break down at about 80% of the saturation radiance [17] , resulting in increased uncertainty in the L1B radiance. In addition, the 500-m bands have higher uncertainty than the 1-km bands, including significant digitization error due to the lower sensitivity of these bands. These effects, which are quantified as uncertainty products in MODIS data, could be incorporated into the regressions to give an uncertainty in the extrapolated L t . It is less clear how to convert this into an uncertainty in R RS and PIC without incorporating the correction into the MODIS processing. However, it should be noted that none of these effects is expected to produce a significant bias in L t and (with lower confidence due to the nonlinear algorithms used) in R RS and PIC. Hence, we consider the use of this method to correct the known bias due to the missing PIC data to be valid. In the absence of a rigorous error analysis or validation, the individual PIC values estimated by this method should be treated with caution, and we recommend that they only be used in aggregate, e.g., to study the impact of a bloom as a whole or (as we have done here) to correct bias in regional PIC estimates.
The algorithm could be further developed by interpolating spectrally between the 500-m bands and regressing against the interpolated value, rather than the nearest 500-m band. Another refinement would be to treat a saturating bloom spanning two granules using the same regressions, in order to avoid artifacts at the boundary. If we are only interested in PIC, and not in R RS or L t , a simplification could be to set saturated L t to a generic high but unsaturated value, and rely on the fact that saturated pixels are almost certain to use calcite_3b, which does not use the bands likely to saturate. In this case, care should be taken to ensure that calcite_2b is never used on such pixels. However, simply leaving the pixels saturated and switching off the HILT and STLIGHT masks would not work. Though it would enable calculation of PIC using calcite_3b, it would also process cloud-affected pixels normally masked by STLIGHT, which would be incorporated into subsequent composites.
